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An intense laser pulse propagating in a medium of inhomogeneously broadened quantum dots
massively creates entangled exciton states. After passage of the pulse all single-exciton states re-
main unpopulated (self-induced transparency) whereas biexciton coherence (exciton entanglement)
is generated through two-photon transitions. We propose several experimental techniques for the
observation of such unexpected behavior.
PACS numbers: 42.50.Md, 03.65.Ud, 78.67.Hc
Entanglement is one of the most intriguing conse-
quences of quantum mechanics which completely lacks a
classical counterpart. In particular within the context of
the emerging fields of quantum computation1,2 and quan-
tum communication3,4 it has become clear that entangle-
ment provides the utmost viable element for such future
technology, and numerous recent work has been devoted
to the preparation and measurement of entangled states
in real physical systems. However, the interaction of a
quantum system with its environment unavoidably in-
troduces an uncontrollable element to the system’s time
dynamics, thus spoiling the direct exploitation of entan-
glement. Noteworthy, such environment losses hitherto
seem to be only controllable in a few atomic and photonic
systems, but become prohibitively large in the techno-
logically more interesting solid state. Consequently, the
identification of long-lived and sufficiently well protected
solid-state excitations has now turned into the most per-
tinent issue within this area of research.
In this respect, semiconductor quantum dots,5,6,7 or
artificial atoms as they are sometimes called because of
their atomic-like carrier states, provide a promising new
class of material, which resembles many of the atomic
properties whilst offering at the same time all the flex-
ibility of semiconductor nanostructures. Quantum dots
consist of a small island of lower-bandgap material em-
bedded in a solid-state matrix of higher-bandgap mate-
rial. Proper choice of the material and dot parameters
thus allows the confinement of a few carrier states within
this lower-bandgap region, resulting in discrete spectra
and strongly enhanced lifetimes: indeed, remarkably long
dephasing times have been recently reported for optical
excitations (excitons) which were solely governed by ra-
diative decay.8 Another property that has attracted enor-
mous interest is the possibility to create several electron-
hole pairs (multi-excitons) within a single quantum dot,
where, because of Coulomb renormalziations, the spectra
exhibit a surprisingly rich fine structure.9,10 We empha-
size that it is precisely this Coulomb correlation effect
which is at the heart of quantum-dot based single-photon
sources11,12 and which recently allowed for an optically
induced exciton entanglement.13,14
In this paper it is shown that a strong laser pulse
propagating in a macroscopic sample of inhomoge-
neously broadened quantum dots massively creates en-
tangled exciton states. Such transition is due to the
above-mentioned peculiarities of quantum dots (long life-
times and Coulomb renormalizations) and is mediated
by the coherent light-matter interaction within a self-
modulation process, thus occurring under very general
conditions. Quite generally, two basic phenomena are
made responsible: firstly, above a given power threshold a
laser pulse can propagate in a system of inhomogeneously
broadened two-level systems without suffering significant
losses (self-induced transparency);15,16 secondly, in case
of two-photon resonance population can be directly chan-
neled between the ground- and biexciton state without
populating the intermediate exciton states.17
Our theoretical approach is based on the simulation of
the coupled light-matter system, which requires the so-
lution of both the material and Maxwell equations: here,
the laser pulse (described through its electric field E)
creates an interband polarization in the quantum dots,
which, on its part, serves again as a source term in
Maxwell’s equation and thus acts back on E. Let us
first discuss the time dynamics of a single dot (introduc-
ing an appropriate ensemble average later) which we de-
scribe within a common master-equation framework.18,19
Following Refs. 20,21 we characterize the quantum dot
system through its density-matrix ρ, whose diagonal el-
ements ρxx describe the occupation of the few-particle
states x (groundstate, single- and multi-excitons), and
the off-diagonal terms ρxx′ account for the coherence be-
tween states x and x′. The time dynamics of ρ is then
governed by20,21 (~ = 1 throughout):
ρ˙ = −i(heffρ− ρh†eff) +J ρ, (1)
with heff = ho + hop − iΓ accounting for: ho, the
Coulomb-renormalized few-particle states x; hop, the
light-coupling described within the usual rotating-wave
and dipole approximations;19 iΓ, dephasing and relax-
ation due to environment interactions; finally, J ac-
counts for in-scatterings which guarantee that the trace
of ρ is preserved at all times.20,21 In this paper we shall
consider low temperatures throughout, and thus take
spontaneous photon emissions as the only source of de-
phasing and relaxation.8,22
As regarding the time evolution of the light pulse,
we assume the geometry depicted in Fig. 1a of a laser
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FIG. 1: Schematic representation of: (a) the setup, where
an intense laser pulse with a temporal width τo enters from
the left-hand side into the dot sample; (b) the groundstate
exciton absorption spectrum for the inhomogeneously broad-
ened dots (δ∗) and for a single dot (γo); the dashed line shows
the spectral width of the laser pulse; (c) generic quantum-dot
level scheme (for discussion see text); optical selection rules
for circularly polarized light (σ±) and spontaneous photon
emission processes (wiggled lines) apply as indicated.24
pulse entering from the left-hand side into the sample
of inhomogeneously broadened quantum dots. Denot-
ing the pulse propagation direction z and assuming an
electric-field profile Eo cosωot, with envelope Eo and cen-
tral frequency ωo, we describe the light propagation in
the slowly-varying envelope approximation:20,23
(
∂z +
n
c
∂t
)
Eo(z, t) ∼= −2πωo
nc
ImP(z, t), (2)
where n is the semiconductor refraction index and c the
speed of light. Most importantly, the term on the right-
hand side describes the back-action of the material po-
larization P(z, t) on the light propagation. Here:20,21
P(z, t) = N
∫
g(ǫ)dǫ
∑
xx′
Mx′x(ǫ)ρxx′(ǫ, z; t), (3)
with N the uniform dot density, ǫ the exciton energies,
g(ǫ) a normalized distribution characterized through the
full-width of half maximum δ∗ of the inhomogeneously
broadened ensemble, andMx′x the optical dipole matrix
elements. Note that for each z and ǫ the time evolution
of ρxx′(ǫ, z; t) is given by Eq. (1).
In our calculations we assume a laser frequency ωo
tuned to the maximum of the inhomogeneously broad-
ened exciton-groundstate transitions, Fig. 1b, and a typ-
ical exciton energy splitting of the order of several tens
of meV,6,7 thus restricting our analysis to the generic
level scheme of Fig. 1c, which consists of: the ground-
state |0(ǫ)〉 (no electron-hole pairs present); the spin-
degenerate excitons of lowest energy, |X±o (ǫ)〉; and the
biexciton groundstate |B(ǫ)〉, whose energy 2ǫ − δ is re-
duced because of Coulomb renormalizations.9,10,21 For
typical values of δ∗ ∼ 20 meV and γo ∼ 1 µeV (Ref. 8) for
the inhomogeneous and homogeneous (lifetime) broaden-
ings, respectively, and assuming laser pulses with τo ∼ 1–
10 ps, one immediately observes that:
δ∗ ≫ τ−1o ≫ γo. (4)
In Ref. 20 we made the important observation that in-
equalities (4) have severe consequences for the pulse prop-
agation. Figure 2 shows results of our simulations based
on Eqs. (1–3) for different pulse areas
∫∞
−∞
dt µoEo(t),
with µo the dipole moment of the bulk semiconductor.
Consider first the case of a weak laser pulse entering
the dot region, Fig. 2a, whereby the laser excites ex-
citons and suffers attenuation; a more detailed analysis
reveals exponential damping (Beer’s law of linear absorp-
tion) with zo = nc/(2π
2Nωoµ2og(ωo)) providing a charac-
teristic length scale15,16,23 (henceforth we shall measure
length in units of zo, time in units of to = nzo/c, and
energy in units of t−1o , with zo ∼ 250 µm, to ∼ 3 ps,
and t−1o ∼ 0.2 meV for typical InGaAs dot samples20,25).
Because of the weak dephasing the laser-induced coher-
ence keeps stored in the material even after attenuation
of the laser pulse. As consequence, when the laser inten-
sity is further increased, Fig. 2b, this stored energy can
again be fully extracted from the material and given back
to the laser pulse, as first demonstrated in the seminal
work of McCall and Hahn.15,16 This leads to a propaga-
tion where at each instant of time the pulse gives and re-
ceives the same amount of energy from the material (self-
induced transparency). While, strictly speaking, such
ideal performance is only expected for a generic two-level
scheme,15,16 the results of Fig. 2 clearly demonstrate that
all essential features, such as stable pulse propagation or
pulse breakup at the highest field strengths, remain in
case of the more complicated level scheme of Fig. 1c.
However, in the inset of Fig. 2c and even more clearly
in Fig. 3 we observe that after passage of the pulse some
biexciton population remains. The underlying states are
entangled exciton states. To see that, we first note that
because of the negligible dephasing the time dynamics
can be considered as almost coherent (thus allowing for
a wavefunction description); introducing furthermore the
suggestive notations |00〉 for the groundstate, |10〉 and
|01〉 for the excitons |X±o 〉, and |11〉 for the biexciton,24
whereby we have assumed that in the strong-confinement
regime |B〉 is approximately given by the product state
|X+o 〉⊗|X−o 〉,10 within each of these dots the wavefunction
is of the form:26
|Ψ〉 = const× (|00〉+ ξ|11〉) , (5)
with ξ a complex number (see Fig. 3)—this wavefunction
is exactly an entangled one1,27 (we checked that our re-
sults do not depend decisively on the specific values of
τo and δ, and thus reflect a general behavior). To under-
stand the origin of this entanglement-creation, we note
that the transition occurs at the photon energy where the
3FIG. 2: Results of our simulations of pulse propagation in a sample of inhomogeneously broadened quantum dots and for
different pulse areas; we use linear polarization and assume a setup where the pulse enters from a dot-free region (negative
z-values) into the dot region. The insets show contour plots of the time evolution of ρ(ǫ, z; t) for z = 5zo (with detuning ǫ−ωo).
We use a prototypical biexciton binding of 20 t−1o .
biexciton is in two-photon resonance, i.e., 2ǫ − δ = 2ωo.
Assuming that for linear polarization the level scheme
of Fig. 1c reduces to an effective three-level one (since
only one of the superpositions (|X+o 〉 ± |X−o 〉)/
√
2 cou-
ples to the light), at two-photon resonance the effective
Hamiltonian of Eq. (1) reduces to:24
ho + hop = −1
2

 0 Ω 0Ω −δ Ω
0 Ω 0

 , (6)
whereby we have used a rotating-frame representation ac-
cording to ωo|Xo〉〈Xo|+2ωo|B〉〈B|,20 and Ω = µoEo is the
usual Rabi frequency. Eq. (6) describes a system where
the two states |0〉 and |B〉 are coupled by Ω through an
auxiliary and off-resonant level |Xo〉 (see inset of Fig. 3a).
For constant Ω and assuming Ω≪ δ one can analytically
obtain the eigenstates of Eq. (6),28 which consist of: the
bare exciton state |Xo〉; two mixed states of |0〉 and |B〉.
More specifically, if the system is initially in state |0〉 its
time evolution is governed by the Hamiltonian:28
ho + hop ∼= Ω
2
δ
(|B〉〈0|+ |0〉〈B|) . (7)
Apparently, as time goes on the system will oscillate be-
tween |0〉 and |B〉; consequently, the final biexciton pop-
ulation in Figs. 2 and 3 is governed by the pulse intensity
and can be controlled through variation of τo.
Although the basic mechanisms underlying the cre-
ation of such exciton entanglement, i.e., excitation and
de-excitation of single excitons (Rabi-type oscillations)
and two-photon transitions, are essentially single-dot ef-
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FIG. 3: (a) exciton and biexciton population at t = 20to
(contour lines of 0.25, 0.45, 0.65, and 0.85, respectively); (b)
groundstate-biexciton coherence ρ0B(ωo +
δ
2
, z; t = 20 to) at
two-photon resonance (see arrow)—note that a value of 1
2
corresponds to a maximally entangled Bell state;27 the value
of ρ0B can be controlled through variation of δ (dashed line)
or, equivalently, of τo.
fects, the entanglement creation considered here is a gen-
uine cooperative phenomenon. First note that while
populating biexcitons the laser pulse looses intensity: if
we would neglect the possibility of pulse reshaping such
losses would be accompanied by a reduction of the pulse
area, which would result in a rapid pulse attenuation
4(since the condition for self-induced transparency would
no longer be fulfilled); however, because of the back-
action of the material polarization on E , Eq. (2), at each
instant of time the pulse reshapes to conserve area and
to compensate for the losses suffered (see Ref. 16 for a
related discussion). Thus, self-induced transparency at
the single-exciton level and biexciton creation are not in-
dependent phenomena, but just represent two different
facets of a single cooperative phenomenon.
We envision a number of experimental techniques for
the measurement of such massive entanglement. Firstly,
we propose to monitor the luminescence after passage of
the laser pulse: since in absence of the strong laser fields
the excited biexciton states must relax via the intercon-
necting exciton states, Fig. 1c, the luminescence spectra
consist of two peaks centered around ωo±δ/2 (and no sig-
nal at ωo). Secondly, consider a coherent-carrier control
setup of a weak probe pulse with frequency ωo− δ/2 fol-
lowing the first pulse: for an appropriately chosen phase
difference between the pulses, the probe pulse can propa-
gate over long distances without suffering losses, whereby
the attenuation due to exciton creation is compensated
by the gain through stimulated biexciton emission. Fi-
nally, we propose to measure the photon noise: let us
take in Eq. (7) the opposite viewpoint and consider the
material polarization as a semiclassical source and the
light field as the quantum system. Then,18,19
hℓ ∼= 1
2πδ
(
λ a†+a
†
− + λ
∗ a+a−
)
(8)
is the Hamiltonian for the light field, with λ ∼=∫
dǫ dz ρB0(ǫ, z) and a
†
σ the creation operator for a pho-
ton with polarization σ. Most importantly, a Hamilto-
nian of this form is known to lead to multi-mode squeez-
ing18,19,29 (for the parameters considered and assuming
z ∼ 10zo we estimate a squeezing factor of 1–10 per-
cent29). Thus, while creating entangled exciton states
the light field of the laser pulse becomes squeezed, which
should be observable in heterodyne detection30 as a di-
rect signature of the entangled states. Future work will
also address pulse propagation in waveguide structures
and cavities where further control of the biexciton popu-
lation is possible, which might be of relevance for possible
quantum-communication applications (e.g., multiparticle
entanglement) or non-classical light sources.
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